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Novel Biodegradable Poly (Glycolic Acid) Dual-Layer Packaging System Using Spray
Coating

Arash Shams

ABSTRACT
Polymer films are essential barriers for food and consumer packaging, but because
they are durable, they contribute to accumulating waste that infiltrates ecosystems, enters
food chains as microplastics, and overwhelms disposal systems. This research responds by
developing a biodegradable packaging system designed to reduce plastic pollution and
improve environmental sustainability. A dual-layer design packaging system incorporating
a cellulose nanofibril (CNF)-reinforced paper substrate spray-coated with a poly(glycolic
acid) (PGA) outer layer is designed to enhance barrier performance. The approach involves
spray coating CNF onto the paper substrate to effectively fill surface pores, followed by an
additional spray coating of PGA to create a dense, uniform layer. This dual-layer system
demonstrated notable improvements, including a substantial oxygen barrier performance
to approximately 1.6 cm?/(m?-24 hour), improved surface smoothness, reduced roughness
from 3.8 pm to 1.3 um, maintained good thermal stability, and enhanced hydrophobicity,
with water contact angles around 60°, indicating improved moisture resistance. Scanning
electron microscopy further confirmed these improvements by revealing a uniform, dense
PGA coating layer with robust interfacial adhesion to the CNF-treated paper substrate.
These advancements present a viable biodegradable packaging alternative aligned with

circular economic principles, offering opportunities for industrial implementation.
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Novel Biodegradable Poly (Glycolic Acid) Dual-Layer Packaging System Using Spray
Coating

Arash Shams

GENERAL AUDIENCE ABSTRACT

Plastic waste is a growing threat to our health and the environment. Each year we
produce over 400 million metric tons of plastic but recycle only about 10%. To help solve
this problem using natural materials, we developed a two-layer package. First, we filled
the tiny pores in paper with cellulose nanofibrils (CNF). Next, we sprayed on a thin coat
of a biodegradable plastic called poly(glycolic acid) and pressed it under heat. The new
films withstand temperatures above 270 °C, have smooth surfaces, are relatively more
resistant to water, and allow much less oxygen to pass through. We confirmed these
improvements with tests for heat stability, microscopic images, oxygen transmission, and
water contact. By making packaging that breaks down naturally and can be produced in
large quantities, this work supports moving away from single-use plastics and promotes a

circular economy in the packaging industry.
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CHAPTER 1

1. General Introduction

In the last half-decade, the plastics dilemma has continued to build up, raising pressing
concerns about its effects on the natural environment and human health. Global plastic
production today exceeds 400 million metric tons every year, much of which is not recycled
appropriately and results in extensive pollution of terrestrial and marine ecosystems
(Borrelle et al., 2020). Microplastic fibers persist in aquatic ecosystems and pose growing
risks to biodiversity and human health (Fernandez & Trasande, 2024). Despite advances in
production volumes, waste management, and recycling systems, they have remained
inadequate to counter the scale and complexity of plastic pollution. This crisis should be
tackled through a concerted global effort that reins in excessive production among
industrialized nations while simultaneously strengthening waste control mechanisms in
developing economies. Ninety- five percent of the plastics packaging material valued
between $80 and $120 billion annually, is lost after one use packaging plastics do have
numerous beneficial qualities, such as extending food shelf life and lowering emissions
during transportation due to its lightweight nature (De Smet, 2016; Hasselbalch, 2025).
Due to poor waste management infrastructure, especially in developing countries, much of
this packaging plastics ends up in landfills or the environment, with less than half even
collected for recycling (Hasselbalch, 2025; Ncube et al., 2021). It is estimated that about 8
million metric tons of plastic enter the ocean annually, which is equivalent to one trash
truck every minute. With current trends, this figure can possibly double by 2030 and triple
by 2050. It is estimated that by 2025, the ocean will have one ton of plastic for every three
tons of fish, with plastic exceeding the entire weight of all marine animals by 2050 (De
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Smet, 2016). Over 90% of plastics are petroleum-based, and this industry presently
comprises 6% global oil consumption; expected to reach 20% by the year 2050 if trends
continue (De Smet, 2016). It is estimated that the demand for food resources will increase
by 50% by the year 2050, in accordance with projections that estimate the world will be
populated by approximately 7.9 billion individuals, whereas the packaging industry is
expected to expand at a rate of 12% annually. Shifts in consumption patterns in conjunction
with industrial expansion in the developing world are key determinants since both heighten
pressure on environmental systems and concurrently boost the demand for packaging
material (Ncube et al., 2021). Therefore, governments have introduced policies favoring
bio-based and renewable resources for packaging based on their role in facilitating
sustainability in the food sector (Beswick & Dunn, 2002). In the face of such environmental
and economic imperatives, the packaging sector is turning to sustainable options that can
possibly minimize plastic waste without sacrificing functionality.

The shift from traditional plastic packaging to eco-friendly alternatives has attracted
significant interest owing to the environmental issues linked to plastic litter. One of the
biodegradable packaging materials, multilayer packaging that combines paper and
biopolymers, is a possible alternative. Packaging serves a very important function in
safeguarding products from environmental influences, preserving shelf life, and ensuring
secure transportation (Wang et al., 2020). Although synthetic polymers such as
polyethylene terephthalate (PET) and high-density polyethylene (HDPE) typically deliver
higher tensile strength (50 to 80 MPa) and Young’s modulus (1 to 2 GPa), which allow
thinner and more durable films, greater flexibility (elongation at break often exceeding 200

percent), and much lower gas and moisture permeability (oxygen transmission rates below



5 cm?*-m™-day ! and water vapor transmission rates under 2 g-m2-day '), their perpetual
presence in the environment over the long term has triggered research into biodegradable
alternatives (Schmidt et al., 2022; Wang et al., 2020). Multilayer packaging structures,
commonly employed in food and pharmaceutical applications, integrate various materials
to perform more effectively. Their recyclability, however, poses a significant challenge
because of the blending of incompatible polymers (Tamizhdurai et al., 2024).
Contemporary packaging must meet sophisticated consumer needs like longer shelf life,
safety assurances, and environmental sustainability pledges (Rosenboom et al., 2022). This
has pushed the industry away from traditional linear models and toward circular design
models that emphasize maintaining resources, minimizing emissions, and limiting solid
waste production. Paper-based packaging is ubiquitous owing to its renewability and
biodegradability. But the hydrophilicity of the material restricts its barrier characteristics,
and it is prone to moisture uptake and eventual mechanical strength loss (Eslami &
Mekonnen, 2023). To alleviate this, petroleum-based polymer or biodegradable variant
coatings are used. Biopolymer coatings derived from starch, chitosan, and cellulose
nanofibrils (CNF) have also shown promise in enhancing moisture resistance without
compromising biodegradability (Herndndez-Garcia et al., 2022). cellulose nanofibrils
(CNF) improve significantly both mechanical strength and oxygen barrier properties and
thus are a rich component in paper-based packaging material (Vartiainen et al., 2015). Poly
(glycolic acid) (PGA) has been developed as an improved biodegradable polymer by virtue
of its good gas barrier properties and quick degradation in natural environments
(Regubalan et al., 2022). PGA exhibits superior oxygen and moisture barrier performance

compared to conventional bioplastics such as polylactic acid (PLA), making it a very



promising material for the packaging of food and drugs (Cui et al., 2025). However, the
highly crystalline nature of PGA and its thermal degradation issues demand processing
methods that ensure well-controlled deposition and adhesion (Samantaray et al., 2020).
Spray coating might be a suitable and scalable technique for PGA deposition onto paper
substrates. The method enables controlled deposition, with homogeneous thin films
produced that exhibit improved adhesion (Fu & Dudley, 2021). Utilization of CNF as a
pre-coating layer overcomes the porosity of the paper, improving adhesion and decreasing
permeability (Borrega & Orelma, 2019). The simultaneous application of spray deposition
along with hot pressing improves the mechanical and barrier performance of the multilayer
system significantly (Lopez de Dicastillo et al., 2021). Research has indicated that hot
pressing improves diffusion within polymers, thereby removing micro-voids and coating
uniformity (Lopez de Dicastillo et al., 2021). In spite of all these benefits, there are a few
issues associated with spray coating, which need to be overcome to facilitate practical
application. The limitations encountered are material losses from overspray, controlling
coating thickness problems, and those imposed by high-viscosity biopolymer solutions
(Gupta et al., 2022; C. Liu et al., 2024). To effectively deal with these issues, there is a
need to optimize spray parameters, employ surface modifications, and formulate bio-based
solvent systems towards the enhancement of sustainability (Jahangiri et al., 2024).
Continued development in processing technologies and polymer modifications will likely
enhance the feasibility of spray-coated biodegradable packaging for large-scale
applications. Despite significant advances in creating biodegradable packaging, significant

challenges persist in achieving consistent coating and ensuring scalability.



1.1. Research Objectives and Hypothesis

Hypothesis

A dual-layer structure combining polyglycolic acid (PGA) with cellulose nanofibrils

(CNF) filled paper, fabricated via spray-coating, will exhibit superior barrier and thermal

properties compared to conventional single-layer paper packaging.

Objectives

Formulate a stable PGA—ethanol suspension suitable for spray-coating
application.

Establish a PGA—paper dual-layer system by filling paper pores with cellulose
nanofibrils (CNF) as an interfacial bridge and depositing a uniform PGA layer
over the CNF-treated paper

Prepare dual-layer specimens under constant conditions (temperature,
pressure, dwell time) and fixed CNF/PGA loadings.

Characterize the resulting films via:

Thermogravimetric analysis (TGA) for thermal stability

Scanning electron microscopy (SEM) for morphology

Oxygen transmission rate (OTR) testing for barrier performance

Contact angle measurement for surface hydrophobicity

Surface roughness evaluation for coating uniformity

Expected Outcomes

Development of a hydrophobic packaging system with enhanced thermal stability,

improved surface smoothness, and markedly reduced oxygen permeability.



CHAPTER 2
2. Literature review
2.1. Multilayer Packaging

Multilayer packaging has emerged as a key development in the packaging industry,
such as food packaging, through the application of a blend of a number of materials, where
each is selected based on its functional attributes. In comparison to single-layer packaging,
which may fail to satisfy all food preservation requirements, multilayer structures integrate
diverse polymeric and non-polymeric layers for enhanced barrier performance, mechanical
strength, and shelf life (Schmidt et al., 2022). This approach enables packaging to provide
enhanced protection from oxygen, moisture, light, and contaminants with flexibility, low
cost, and light weight (Tamizhdurai et al., 2024). The primary advantage of multilayer
packaging is its ability to extend product shelf life by reducing gas permeability. As noted,
exposure to oxygen leads to spoilage, resulting in quality degradation of food and
pharmaceutical products. This is especially useful for perishable items, including dairy,
meat, and processed food, where an even internal environment needs to be sustained (Alias
et al., 2022). However, despite its benefits, multilayer packaging raises environmental
concerns based on its material complexity. The heterogeneity of multilayer films makes
them difficult to recycle through traditional methods (Schmidt et al., 2022).

Although the benefits of multilayer packaging are evident, their structures often
combine incompatible polymers, making separation and recycling difficult. Techniques
like delamination and compatibilizers have been proposed to address this, but both remain
limited by high cost, energy demand, and infrastructure requirements (Schmidt et al., 2022;

Tamizhdurai et al., 2024).



The second limitation is the economic limitations of multilayer packaging. Barrier
films with high performance extend product life and minimize food losses but are
expensive to produce due to the use of sophisticated manufacturing processes, e.g.,
coextrusion, lamination, and coating processes. To combat these drawbacks, researchers
are working on hybrid strategies involving the blending of biodegradable polymers with
various sustainable approaches (Anukiruthika et al., 2020). Bio-based or biodegradable
layer combinations have been a suitable alternative, with high potential. However, the
majority of biodegradable films lack mechanical and moisture barrier properties necessary
for large-scale application (Alias et al., 2022). Addressing the technical and environmental
limitations of multilayer packaging involves moving towards circular economy principles
where designing materials for recyclability is prioritized alongside technical development
for the creation of eco-friendly substitutes. Novel strategies, including the development of
single-material multilayer films and enzymatic recycling processes, are being explored to
address the challenges of incompatibility and waste accumulation (Schmidt et al., 2022).
Nonetheless, imparting large-scale sustainability to multilayer packaging is a multifaceted
task that demands synergy among industry stakeholders, regulatory agencies, and scientific

communities (Tamizhdurai et al., 2024).

2.2. Poly (Glycolic Acid)

PGA is a biodegradable aliphatic polyester (Figure 2.1) with increasing
significance in industrial and biomedical applications due to its environmentally friendly
profile and high degradation rate (Cui et al., 2025; Low et al., 2020; D. Niu et al., 2023;
Peng et al., 2025). It is the simplest linear polyester, composed of repeating glycolic acid
units. It has been widely recognized for its ability to degrade into low-toxic byproducts
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such as carbon dioxide and water in both natural and biological environments (C. Liu et
al., 2024; Regubalan et al., 2022; Wei et al., 2022). The quick non-enzymatic hydrolysis
of PGA, which can happen in months, sets it apart from other biodegradable polymers like
PLA and polyhydroxyalkanoates (PHA) (Du et al., 2025; Regubalan et al., 2022). PGA
illustrates an extraordinary amalgamation of mechanical, chemical, thermal, and physical
properties, which renders it an extremely valuable polymer in biomedical, packaging, and
industrial applications. Being the simplest linear aliphatic polyester, PGA has a high level
of crystallinity, outstanding barrier characteristics, and enhanced mechanical strength
relative to numerous other biodegradable polymers (Regubalan et al., 2022). However, its
rapid degradation in aqueous environments and brittleness pose challenges, leading to

extensive research on modification strategies (C. Liu et al., 2024; Wei et al., 2022).

PGA

- 1N

Figure 2.1. Chemical Structure of poly (glycolic acid).
The crystallinity of PGA typically ranges between 45% and 55%, significantly

influencing its mechanical and thermal behavior. The polymer’s molecular chains are



closely packed, forming an ordered structure that enhances rigidity and strength while
contributing to its exceptional barrier properties against gas and moisture. This high
crystallinity also results in a relatively high density of 1.69 g/cm?, which is greater than
many other biodegradable polymers (Budak et al., 2020; Du et al., 2025; C. Liu et al., 2024;
Morita et al., 2018; Wei et al., 2022).

Due to this compact molecular arrangement, only highly fluorinated solvents, like
hexafluoroisopropanol (HFIP), can dissolve PGA. HFIP has the most significant capacity
to dissolve PGA among fluorous solvents, up to a molar mass of 45,000 g/mol. The HFIP
molecule contains two potent electron-withdrawing trifluoromethyl (-CF3) groups, and
PGA has a significant hydrogen bond-donating capacity, accounting for its exceptional
HFIP solubility. The hydrogen bonds provided by the -OH group in the HFIP molecules
can efficiently break or replace these weak intermolecular hydrogen interactions. (Low et
al., 2020). PGA has a melting temperature (Tn,) of approximately 220 - 230 °C,
significantly higher than that of PLA (140 - 180 °C), making it more thermally stable in
certain processing conditions. The glass transition temperature (Tg) of PGA is relatively
low, around 35 - 40 °C, meaning that it can become more flexible at body temperature,
which is an advantage in biomedical applications. The crystallization temperature (T.)
typically ranges from 180 to 200 °C, enabling PGA to solidify rapidly upon cooling,
enhancing mechanical strength (Cui et al., 2025; Low et al., 2020; Samantaray et al., 2020).
However, PGA’s thermal degradation temperature (Tq) is approximately 250 — 260 °C,
only 30—40 °C above its melting temperature, creating significant challenges for processing
due to its narrow thermal stability window, high crystallinity, and sensitivity to hydrolytic

degradation (Ma et al., 2025; Samantaray et al., 2020).



Table 2.1. General mechanical properties of PGA, PLA, and other polymers (Regubalan et al., 2022).

(PET)

Flexural Young’s Tensile
Material Tm (°C) Strength Modulus Strength
(Mpa) (Gpa) (Mpa)
PGA 220-230 222 7 115
PLA 140-180 92 2.4 53
Polyamide 6 (nylon-6) 220 77.2 2 56-90
Polystyrene (PS) 105-110 70 3-3.5 45
Polypropylene (PP) 175 40 1.5-2 31
Polyethylene Terephthalate 255 118 35 47

Mechanically, PGA is one of the strongest biodegradable polymers, exhibiting a

tensile strength of up to 115 MPa, which is significantly higher than PLA and many

conventional biopolymers, according to Table 2.1 (Regubalan et al., 2022). Its elastic

modulus ranges from 6 to 7 GPa, giving it superior stiffness and load-bearing capacity.

The chemical properties of PGA also play a crucial role in its performance. Beyond its

impressive physical and mechanical attributes, the chemical properties of PGA,

particularly its reactivity and degradation behavior, are equally critical to its functionality

and application potential (Regubalan et al., 2022). The degradation mechanism of PGA

is primarily driven by the hydrolysis of its ester bonds, with the amorphous regions

degrading first, followed by the crystalline domains. This rapid degradation profile is

advantageous for applications requiring short-term functionality, such as absorbable

sutures, but presents difficulties in applications where more extended durability is needed
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(Budak et al., 2020; Low et al., 2020; Samantaray et al., 2020). Table 2.2 compares the
degradation times of several neat biodegradable homopolymers measured under identical
in vitro hydrolysis conditions. For each material, preweighed specimens were immersed
in phosphate-buffered saline (PBS) at pH 7.4 and 37 °C. At fixed intervals, samples were
removed, rinsed, dried, and analyzed for mass loss by gravimetry and molecular-weight
decline by size-exclusion chromatography (SEC) (Gentile et al., 2014; Middleton &
Tipton, 2000).

Table 2.2. Degradation time of different biodegradable polymers (Regubalan et al., 2022).

Material Degradation time (months)
PGA 1.5-3
Polycaprolactone (PCL) 24<
Poly-L-lactic acid (PLLA) 6-24
Polydioxanone (PDO) 6-12

One of the most significant characteristics of PGA 1is its gas barrier properties,
which are greater than those of most traditional plastics. The oxygen barrier qualities of
PGA are over 1,000 times greater than PLA and approximately 100 times greater than
PET. In addition, PGA also possesses excellent moisture barrier properties with a water
vapor transmission rate nearly 40 times lower than that of PLA and 2-5 times lower than
that of PET, as indicated in Table 2.3. Such excellent barrier properties render it highly
suitable for packaging applications involving food and beverages where shelf life is a
consideration. Nonetheless, as the chemical nature of PGA facilitates its distinctive

degradation profile, it also presents a set of constraints in the form of brittleness and fast
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hydrolysis that limit its application within certain contexts (Regubalan et al., 2022;
Vartiainen et al., 2016). Despite these drawbacks, active research in the modification of
polymers, copolymerization, and preparation of composites seeks to improve their
performance for more general industrial use. In order to fully utilize PGA's properties and
address its processing issues, PGA's preparation through various polymerization pathways
has been thoroughly investigated, yielding methods for tailoring its molecular structure for

specific applications (Cui et al., 2025; C. Liu et al., 2024).

Table 2.3. Permeability of oxygen, carbon dioxide, and moisture of PGA, PLA, and other polymers
(Regubalan et al., 2022).

Material Oxygen Moisture vapor CO:
Permeability! Permeability? Permeability!
PGA 0.036 0.5 0.19
PLA 38-42 18-22 183-200
High-Density
Polyethylene (HDPE) 130-185 0.3-0.4 400-700
PP 150-800 0.5-0.7 150-650
PA 2-3 16-23 10-12
PET 3-6 1-2.8 15-25
Polyvinyl Chloride
(PVC) 4-30 1-5 4-50
Ethylene vinyl
alcohol (EVOH) 2-2.6 1.4-6.5 N/A

! em?-mil/(100 in?-day-atm)

2 g-mil/(100 in?-day-atm)

Note: For O or CO: permeability unit, is volume of gas at standard temperature and pressure. mil is specimen
thickness normalization equal to 0.001 inch. 100 in? is the reference test area. day is the measurement time.
atm is the applied pressure difference. For moisture vapor permeability, g is mass of water vapor. mil is
specimen thickness normalization equal to 0.001 inch. 100 in® is the reference test area. day is the
measurement time, and atm is the applied vapor pressure difference.

PGA was first presented as a biomaterial for medical applications. The biomedical
field remains the largest consumer of PGA, using it mainly in absorbable sutures, drug
delivery systems, and tissue engineering scaffolds. PGA-based sutures were the first
synthetic absorbable sutures to find application in the medical field on the basis of their

biocompatibility and controlled biodegradability (Ma et al., 2025; Ma et al., 2012). For
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drug delivery, PGA is a biodegradable carrier for controlled release preparations with
controllable hydrolysis rate through copolymerization (Cui et al., 2025; Schmidt et al.,
2014). In tissue engineering, scaffolds of PGA provide temporary structure for cell growth
that breaks down over time as natural tissues are formed. The aforementioned biomedical
applications exploit the capacity of PGA to break down into low-toxic products, hence
rendering it an excellent material for in vivo uses (Du et al., 2025; Low et al., 2020; D.-Y.
Niu et al., 2023).

In agriculture, PGA has been investigated for possible application in biodegradable
mulching films and controlled-release fertilizers (Cui et al., 2025; Samantaray et al., 2020).
Conventional plastic mulch films, typically PE, significantly contribute to soil pollution as
they are non-biodegradable. PGA mulch films fully biodegrade in soil within a few months
without the need for removal and disposal (Du et al., 2025). Similarly, PGA has also found
use in controlled-release fertilizer coatings, where its hydrolytic degradation promotes
slow release of nutrients to the soil, improving crop efficiency without amplifying

environmental disturbance (Regubalan et al., 2022).

Rope

Flower pot

Plastic film mulching

Figure 2.2. Applications for PGA (C. Liu et al., 2024).
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PGA has emerged as a promising food and beverage packaging material. As
mentioned earlier, PGA films provide barrier properties significantly superior to other
bioplastics, making them ideal for extending the shelf life of perishable foods and
beverages (Cui et al., 2025; Wolf et al., 2010). In composite packaging, PGA is often used
in multilayer structures where it serves as the functional high-barrier layer in combination
with bioplastics (Tang et al., 2015; Vartiainen et al., 2016). Nevertheless, its moisture
sensitivity advancements in surface coatings and polymer blends have improved PGA’s
water resistance, making it more suitable for commercial packaging applications (Morita
etal., 2018).

As the global packaging industry shifts toward sustainability, PGA is expected to
play an increasingly important role in developing biodegradable and high-barrier
packaging solutions (Liu et al., 2025). With improved moisture resistance, processing
techniques, and cost reduction, PGA-based packaging materials can replace traditional

plastic packaging, contributing to a more sustainable and circular economy (Samantaray et

al., 2020).

2.3. Paper-Based Packaging

Paper has long been utilized in packaging due to its renewability, biodegradability,
and recyclability, making it a sustainable alternative to plastic-based materials. The
fundamental component of paper is cellulose fibers, which are derived from plant sources
such as wood pulp, agricultural residues, and non-wood plants. These fibers create an
interwoven porous structure that provides mechanical strength, flexibility, and

breathability, allowing paper to function effectively in various industrial applications.

14



Unlike petroleum-based polymers, paper naturally degrades in the environment, reducing
waste accumulation and aligning with circular economic principles.

In spite of benefits like printability, recyclability, and visual attractiveness to the
environment, paper packaging possesses weak barrier properties against moisture, grease,
and oxygen, and hence its functionality is limited compared to man-made equivalents. Such
drawbacks have motivated coating technology developments to enhance the functional
properties of paper and widen its industrial usage (Nerin & Asensio, 2007; Rhim et al.,
2006). Paper's hydrophilic nature makes it susceptible to moisture absorption, which
weakens its mechanical strength. To address this, it is often modified through coatings,
laminations, and structural reinforcements that enhance water resistance, grease proofing,
and overall barrier performance, as seen in applications like milk packaging shown in

Figure 2.3 (Eslami & Mekonnen, 2023; Tanpichai et al., 2022).

Figure 2.3. Wax-coated Pure-Pak milk carton (Twede et al., 2014).
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Mulberry fiber paper is highly advantageous for sustainable and biodegradable
packaging applications due to its distinctive mechanical, structural, and environmental
attributes. Its exceptionally long fibers form a dense and interwoven network, granting it
superior tensile strength, tear resistance, and wet stability compared to conventional wood-
pulp paper (Seo & Hwang, 2019). The inherently porous yet robust fiber structure of
mulberry paper provides an ideal substrate for coating processes, such as spray coating of
biopolymers, by promoting strong interfacial adhesion and compatibility with advanced
dual-layer packaging systems. Moreover, mulberry fiber paper is fully biodegradable,
produced from renewable resources with minimal chemical processing, and
environmentally benign, aligning perfectly with circular economy principles (Memon et
al., 2011). These combined characteristics position mulberry fiber paper as an exceptional
base material for next-generation sustainable packaging that effectively balances
mechanical performance, barrier properties, and ecological responsibility.

Coatings alter the surface characteristics of paper by forming a protective film that
improves its barrier performance against external forces. Surface adhesion, molecular
interaction, and penetration depth of coating are the factors that determine how coatings
function on paper. Mechanical adhesion is the most prevailing mechanism, in which the
coating material enters the porous cellulose matrix and hardens when evaporation takes
place. This mechanism finds extensive application in polymer coatings, which are water-
resistant and grease-resistant (Hernandez-Garcia et al., 2022; Jahangiri et al., 2024).
Conventional coating processes, such as spray coating, enable the even deposition of
materials. Sophisticated techniques like extrusion coating and hot-melt application

improve film formation-related characteristics. Solution-based processes, such as dip
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coating and bar coating, for bio-based coating provide uniform distribution with the
retention of biodegradability. Further coating technology development is required in order
to increase the application of coated paper and, in this way, render it competitive with
plastic packaging in end uses where enhanced barrier properties are needed (Eslami &
Mekonnen, 2023; Rhim et al., 2006). Among the various techniques, spray coating delivers
rapid, thin-film deposition directly onto the paper surface and is readily integrated into roll-
to-roll systems, though it can suffer from material overspray and becomes challenging
when using high-viscosity biopolymer suspensions (Hernandez-Garcia et al., 2022;
Jahangiri et al., 2024). In contrast, extrusion coating and hot-melt processes afford solvent-
free, high-throughput lamination ideal for thermoplastic polymers, but the required
temperatures may degrade heat-sensitive bio-coatings (Rhim et al., 2006). Solution-based
methods such as dip coating and bar (knife) coating offer uniform coverage on simple
geometries with minimal equipment needs yet impose long drying times and struggle with
textured or complex substrates (Eslami & Mekonnen, 2023; Rhim et al., 2006). Finally,
advanced layer-by-layer assembly enables nanometer-scale control and tailored
functionality, but its multistep adsorption cycles hinder throughput and scalability outside
the laboratory (Tanpichai et al., 2022). Coatings for paper packaging can be generally
divided into synthetic polymer coatings and bio-based biodegradable coatings, which have
their respective benefits and drawbacks. These oil-based coatings, such as PE, PP, and
PET, possess water and grease barrier characteristics, and they are approved for food
packaging use. Their non-biodegradable qualities and the resultant recycling problems
pose severe environmental concerns and increasingly restrict their use in single-use

packaging. While their moisture barrier and mechanical properties are excellent, these
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coatings are harmful to paper recyclability and require special separation mechanisms to
avoid recycling system pollution. Keeping in view the negative environmental impact of
synthetic coatings, the focus of researchers has shifted towards bio-based alternatives that
provide a compromise between performance and sustainability (Rhim et al., 2006;
Tanpichai et al., 2022). Bio-based coatings from polysaccharides, proteins, and
biodegradable polyesters provide ecologically compatible alternatives that preserve barrier
functionality while ensuring environmental friendliness. Studies show that biopolymer-
based coatings, such as alginate and soy protein, enhance the water resistance of packaging
using paper (Rhim et al., 2006). While Rhim and colleagues showed that the use of
biopolymer coatings enhances water resistance, the small scale of their experiments limits
the generalizability of these results to industry conditions (Rhim et al., 2006). Chitosan-
based coatings, for example, provide antimicrobial properties and oxygen resistance,
making them suitable for packaging perishable food products. Starch coatings exhibit good
adhesion and medium grease resistance, though their high-water sensitivity requires them
to be blended with hydrophobic biopolymers for performance optimization. PHAs and
PLA coatings are biodegradable alternatives to synthetic polymers with medium water
resistance and compostability. Nanocellulose-based coatings further exhibited excellent
mechanical reinforcement and gas impermeability, enabling them to preform in high-
performance barrier coatings for food, pharmaceutical, and industrial applications. The
environmental and flexible nature of paper packaging prompted modifications to suit the
demands of various industries (Eslami & Mekonnen, 2023; Wang et al., 2022).

The versatility of coated paper packaging has enabled it to be used extensively in

industries ranging from food, pharmaceuticals, and cosmetics to logistics, where barrier
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functionality and sustainability are the prime concerns. Coated paper is used in food
packaging, fast food wrapping, bakery box packing, and packaging of dairy products,
where moisture and grease resistance are necessary for preserving product integrity.
(Hernandez-Garcia et al., 2022; Jahangiri et al., 2024). Development of multilayer coatings
and functional additives is still widening the application of coated paper in various
industries, rendering it a viable sustainable substitute for traditional plastic packaging
(Eslami & Mekonnen, 2023; Wang et al., 2022). Nonetheless, with the growing application
of coated paper packaging, several issues arise, most prominently the provision of cost-
effectiveness and optimum recycling compatibility. The majority of biopolymer coatings,
including starch and chitosan, possess extraordinary hydrophilicity, limiting their potential
for complete water repellency. Additionally, the high production costs of biodegradable
coatings such as PHAs and PLA restrict their large-scale implementation (Jahangiri et al.,

2024; Moura, 2016).

2.4. Cellulose Nanofibrils (CNF)

Cellulose is a natural polymer that constitutes the main structural element of cell
walls in plants, in addition to being present in some bacteria and algae. It is a
polysaccharide comprised of linear B-(1,4)-D-glucopyranose units, which coalesce into
highly ordered microfibrils via a dense network of hydrogen-bonding, thereby imparting
high mechanical strength, crystallinity, and insolubility in most solvents (Borrega &
Orelma, 2019; Fernandez-Santos et al., 2022). Cellulose's hierarchical organization makes
it simple to convert into nanocellulose, which is a family of nanomaterials exhibiting
enhanced functional properties over bulk cellulose (Vartiainen et al., 2015). Cellulose has

been established as a more environmentally friendly substitute for petroleum-based
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polymers, thanks to its biodegradability, renewability, and facile chemical modification,
and has been applied in numerous fields such as packaging, biomedical devices, and
structural composites (Fernandez-Santos et al., 2021).

Cellulose Nanofibrils (CNF) is manufactured from plant fibers through
mechanical disintegration processes such as homogenization, microfluidization, and
grinding. Because of its crystalline and amorphous cellulose regions, CNF has excellent
film-forming properties, flexibility, and entanglement ability. Due to the fact that it
possesses a high aspect ratio and clarity, CNF finds application in biodegradable
packaging, coatings, and composite reinforcements (Wang et al., 2020). Together with its
superior oxygen barrier properties, CNF's capacity to create robust and flexible films
makes it a viable material for biodegradable packaging (Fourati et al., 2020; Lovely et al.,
2025). Notwithstanding these encouraging uses, many obstacles prevent CNF from being
widely used. One of CNF’s main challenges is its hydrophilic nature, which leads to
moisture absorption and a reduction in mechanical integrity and gas barrier properties.
Researchers have explored chemical modifications, hybrid nanocomposites, and
hydrophobic coatings to improve CNF’s resistance to environmental moisture (Boufi et
al., 2016). Additionally, CNF forms stable colloidal dispersions in aqueous media and
demonstrates exceptional rheological properties. Its high aspect ratio and surface
interactions among fibrils contribute to shear-thinning behavior, making CNF a valuable
additive in bio-based inks, coatings, and thickeners (Lovely et al., 2025; Vartiainen et al.,
2015). CNF’s oxygen barrier performance is particularly beneficial for food and

pharmaceutical packaging, where oxidation must be minimized. However, high humidity
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can reduce its barrier properties, necessitating the use of surface modifications and hybrid
materials to maintain efficiency (Borrega & Orelma, 2019).

Compared to many synthetic polymers, CNF films have shown reduced oxygen
permeability, particularly at low to moderate humidity levels. Beyond its gas barrier
properties, CNF enhances the mechanical strength and flexibility of biodegradable
polymers, making it ideal for flexible packaging and coatings (Borrega & Orelma, 2019).
In addition to its benefits in flexible packaging, CNF offers significant advantages when
used in paper-based packaging materials. By adding CNF to recyclable paper-based
packaging, structural integrity can be increased while still being compatible with current
recycling methods (Vartiainen et al., 2015).

Using CNF as a coated filler is one way it is used in paper packaging. The quantity
of fiber-to-fiber bonds created during consolidation and drying determines the paper's
strength. Several variables influence this strength, including the distribution of residual
stresses, sheet formation, specific bond strength, bonded area, and fiber length and strength.
Improving any of these elements strengthens the paper as a whole. Paper is strengthened
by CNF in two primary ways. First, it acts as an adhesion promoter by bridging adjacent
fibers, increasing the bonded area, and reinforcing fiber-fiber bonding (Figure 2.4).

Second, CNF forms a fine network within the larger fiber structure, improving the
paper’s load-bearing capacity. Its micro-scale length enhances fiber entanglement, further
expanding the bonded area. Due to the structural similarity between CNF and cellulose
fibers, a potent natural affinity exists between them, leading to an additive effect on final
paper strength. CNF-based packaging materials have broader issues that need to be

addressed outside of their application in paper (Boufi et al., 2016).
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Figure 2.4. FE-SEM micrographs of uncoated (a) and CNF-coated unbleached papers with coat weights of
ca. 0.9 (b), 1.3 (c¢) and 1.8 g/m2 (d), respectively. The scale bar is 100 ml (Aulin et al., 2010).

Despite its advantages, CNF-based packaging materials face moisture sensitivity
and processability challenges. Researchers have developed surface modifications, hybrid
composite formulations, and multilayer structures incorporating hydrophobic coatings or
cross-linked networks to address these issues and improve water resistance (Lovely et al.,
2025). For example, combining CNF with wax coatings, nanoclays, or hydrophobic
biopolymers has enhanced moisture resistance while preserving gas barrier efficiency. The
future of CNF-based packaging lies in the continued development of scalable and cost-
effective production methods that enable commercial viability. As research progresses,
CNF processing and large-scale integration optimization are expected to expand its
adoption in the sustainable packaging industry (Ferndndez-Santos et al., 2022).

In order to obtain the mentioned properties, various production techniques, such as
homogenization, are employed to generate CNF from various sources (Fourati et al., 2020).

Homogenization is one of the typical CNF production processes because of its
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effectiveness in disintegrating cellulose fibers into nanoscale fibrils without destroying
their structural integrity. Homogenization entails submitting cellulose suspensions to high
mechanical forces enabling fibrillation via shear, impact, and cavitation. The degree of
fibrillation and final CNF characteristics depend on significant parameters like operating
pressure, number of passes, fiber concentration, and pre-treatment methods (Granda et al.,
2020). Condition optimization of homogenization is key to fibrillation efficiency, energy
consumption, and material property balance. By carefully controlling pressure, cycle
number, fiber loading, and pre-treatment, researchers are able to obtain high-quality CNF
with improved mechanical performance, stability in dispersion, and barrier function. As
processing technology continues to develop, additional gains in homogenization processes
will advance the scalability and economics of CNF production for biodegradable
packaging, biomedical devices, and high-performance composites. Recent studies, such as
the doctoral work by Dr. Lovely (Lovely, 2024), highlight advancements in CNF
production that address these processing challenges. In her work, Dr. Lovely demonstrated
that after 5 cycles of mild-conditioned homogenization, surface smoothness increased by
44%. At the same time, oxygen permeability decreased by 48%, enhancing the material’s
barrier properties. This novel low-pressure approach, using an emulsifying cell without a
plasticizer, addresses significant limitations of conventional CNF processing, making it a
promising alternative for applications such as oxygen-barrier packaging and UV-blocking

films (Lovely et al., 2025).

2.5. Spray Coating

Researchers have extensively studied spray coating processes, emphasizing their
versatility for various substrates, uniform coating application, and industrial scalability.
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Spray coating is a widespread method in industry and laboratory practice that enables the
controlled deposition of liquid-based coating onto substrates. The method is based on the
atomization of the coating liquid into extremely tiny droplets, which are then transported
to the substrate to be coated. Following deposition, the droplets merge to create a solid
film. This technique is appreciated due to its scalability, affordability, and versatility for
various applications, ranging from protective coatings to functionalized surfaces for food
packaging (Fu & Dudley, 2021). One of the primary benefits of spray coating is that it can
create homogenous films with nanoscale thickness, making it ideal for applications
requiring accurate material deposition, and it is also utilized in high speed production lines
(Colomer et al., 2017; Kunam et al., 2024). Nevertheless, techniques are needed to reduce
the volume of spray-coating liquid and solvent used, thereby lowering cost and health risks,
while maintaining processing efficacy. By taking advantage of its compatibility with less
expensive and less toxic secondary solvents, solvent exchange achieves a reduction in the
use of toxic solvents like HFIP. Orderly polymer precipitation is induced, and nanoparticle
formation is assisted by the gradual replacement of HFIP with a solvent characterized by
possessing a decreased solvating ability (Peters et al., 2025). This method has been applied
in spray coating to optimize polymer solution processing, reducing operational costs and
environmental impact. For instance, solvent exchange with ethanol has been effective in
precipitating polymeric components without altering their morphological properties (Yoon
et al., 2020). This approach is within the context of developing sustainable and scalable
processing techniques in advanced polymeric coatings, particularly in packaging and
biomedical applications, where stringent control of solvent removal and material

deposition is required.
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Spray coating is highly suitable for applications such as food packaging. Unlike
conventional coating methods such as dip-coating or extrusion, spray coating does not
require direct immersion of the substrate, reducing contamination risks and preserving
functional characteristics of the coated material. Additionally, spray coating allows for
precise control over deposition parameters, enabling the creation of high-performance
coatings with tailored surface functionalities (Kunam et al., 2024). In food packaging,
spray coating greatly enhances barrier functionality and mechanical strength. Spray-
deposition coatings can impart moisture resistance, gas impermeability, and hydrophobic
surface properties, thereby leading to extended shelf life of foods and reduced spoilage (Fu
& Dudley, 2021). Another example of the utilization of this methodology in food
packaging is the fabrication of layer-by-layer coatings using cationic chitin nanofibers
combined with anionic cellulose nanocrystals (CNC). Such coatings have been shown to
exhibit improvement in oxygen barrier properties by more than 70%, thus inhibiting the
permeation of gases responsible for food spoilage. However, increasing the coating
thickness beyond a certain optimum value can lead to interlayer delamination, further
compromising the mechanical integrity of the film (Jahangiri et al., 2024).

Increasing demand for environmentally sustainable and biodegradable packaging
materials has promoted the application of bio-based spray coatings, including
nanocellulose films and chitin-based layers, with enhanced mechanical stability and
environmental degradability than synthetic polymer coatings (Shanmugam, 2024). Spray
coating's capability to deposit these materials positions it as a preferable method for the
creation of future sustainable packaging solutions. Spray coating finds extensive use in the

production of barrier coatings for packaging films made of paper and polymers. Bio-based
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coatings offer a cleaner option with biodegradability and recyclability without

compromising performance integrity (Jahangiri et al., 2024).

PM )V | ETD | SE | 500x  54m ( MCEM Nova NanoSEM 45(

Figure .5. SEM micrograph of coated paper Wth nanocellulos (anmugam, 2024).
Nanocellulose-based coatings offer a green alternative to synthetic films used for
food packaging. Such coatings enhance mechanical robustness, water resistance, and
barrier properties by forming a dense network that slows down the diffusion of oxygen,
moisture, and grease, thus improving the preservation of foods. In addition, they maintain
high optical transparency, making them amenable to transparent packaging applications.
Strong adhesion of nanocellulose layers to paper (see Figure 2.5) and polymeric substrates
minimizes delamination risks and maximizes structural strength, a critical design factor for
flexible and printed packaging uses (Shanmugam, 2024).
Despite widespread use in industrial and research applications, spray coating
presents several technical and practical challenges impacting its efficiency and material

performance. Issues such as material wastage due to overspray, difficulty achieving
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uniform thickness, and limitations when using high-viscosity biopolymers remain
significant obstacles to its broader adoption in specific applications (Gupta et al., 2022).
One of the most critical challenges in spray coating is material loss due to overspray, which
occurs when atomized droplets fail to reach the substrate or rebound upon impact. This
inefficiency leads to increased coating material consumption, raising production costs and
reducing the sustainability of the process (Kunam et al., 2024). Another major limitation
of spray coating is the difficulty in controlling coating thickness. Since the deposition
process relies on atomized droplets, nozzle type, spray pressure, and fluid viscosity
variations can lead to uneven coatings. This issue is particularly problematic in applications
requiring precise layer thickness, such as nanocoatings (Fu & Dudley, 2021). Using high-
viscosity biopolymer solutions also poses a challenge, as these materials tend to clog
nozzles, form non-uniform droplets, and require higher spray pressures to achieve proper
atomization (Gupta et al., 2022). Additionally, spray-coated films can be susceptible to
inferior adhesion on some substrates, particularly low surface energy substrates such as
polyethylene (PE) and polypropylene (PP) packaging substrates. When the coating
delaminates, hot pressing is omitted, or it develops compromised barrier performance due
to a lack of surface treatment or primer coatings, the end product's functional properties
are adversely affected (Fu & Dudley, 2021). Hot pressing has been shown to enhance the
interfacial adhesion and mechanical integrity of multilayer coatings by promoting polymer
infiltration into paper substrates, and molecular diffusion under high temperature and
pressure. This process softens polymers, increasing their molecular mobility, which
facilitates hydrogen bonding, and the formation of a continuous interface that resists

delamination (Y. Liu et al., 2024; Loépez de Dicastillo et al., 2021). It also eliminates

27



surface roughness and microvoids, resulting in a denser, more homogeneous structure with
improved barrier properties. As a post-treatment step, hot pressing can complement spray
coating, particularly in nanocellulose-based films, by minimizing coating defects and
enhancing the stability and durability of biodegradable packaging (Cho et al., 2010; Rocca-
Smith et al., 2019). Moreover, environmental and regulatory considerations have a
significant influence on the scalability of spray coating, especially solvent-coating-based
formulations. Emission of volatile organic compounds in the spray deposition process drive
the need for either aqueous dispersions or solvents derived from renewable biomass that
can deliver equivalent coating performance while dramatically reducing toxic emissions
(Jahangiri et al., 2024). Researchers are exploring advanced spray techniques, biopolymer
modifications, and sustainable solvent systems to address these challenges. While spray
coating remains a highly versatile and scalable deposition method, its challenges
necessitate ongoing technological improvements to enhance coating efficiency, material
compatibility, and environmental sustainability. Research in advanced spray techniques,
biopolymer modifications, and sustainable solvent systems continues to address these
limitations, expanding the potential applications of spray coating across various industries

(Y. Liu et al., 2024; Lopez de Dicastillo et al., 2021; Vartiainen et al., 2016).
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CHAPTER 3

3. Experimental Materials and Procedures

This study aimed to develop a biodegradable dual-layer packaging structure by
combining poly(glycolic acid) (PGA) and paper through spray coating, with the dual goals
of improving functional performance and demonstrating a viable fabrication method.
Specifically, the work focused on evaluating barrier performance, hydrophobicity, and
thermal stability, while also establishing a stable PGA ethanol suspension and constructing
a layered structure using cellulose nanofibrils (CNF) as a pore-filling interlayer. Three
sample types were prepared: Paper, Paper/CNF 5, and Paper/CNF 5/PGA, with one
specimen per type. Each sample was subdivided for characterization tests, including
oxygen transmission rate (OTR) analysis, scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), contact angle measurement, and surface roughness

analysis via 3D surface profiling. The workflow for sample subdivision is illustrated in

Figure 3.1.
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Figure 3.1. Sample cutting workflow for OTR and other characterization tests.
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3.1. Materials

Mulberry fiber paper (cellulose-based), used as the first layer of the bioplastic
packaging, was provided by Kyung Hee University (Seoul, South Korea). The paper layer
was filled with CNF made from northern bleached softwood kraft pulp, which was acquired
from the University of Maine's Process Development Center. (Orono, ME, USA). High-
Performance Liquid Chromatography (HPLC) grade water for dilution and processing of
CNF was purchased from EMD Millipore (Burlington, MA, USA). PGA, serving as the
second layer of the bioplastic system, was supplied by LG Chem (Seoul, South Korea).
HFIP, used as the primary solvent for dissolving PGA, was sourced from Sigma-Aldrich
(St. Louis, MO, USA). Dichloromethane (DCM), used as a solvent in the process, was
purchased from Fisher Chemical (Fair Lawn, NJ, USA), and ethanol (95%) was obtained
from Decon Laboratories, Inc. (King of Prussia, PA, USA). Polytetrafluoroethylene
(PTFE) Teflon sheets used during the hot-pressing steps were supplied by LIXBMD.
Triethyl citrate (TEC), used as a plasticizer in the PGA coating, was sourced from Tokyo

Chemical Industry Co., Ltd. (Tokyo, Japan).

3.2. Methods

3.2.1. Homogenization process

The CNF slurry, initially containing 3% solids by mass, was diluted by manually
mixing 1 liter of the CNF slurry with 3 liters of HPLC-grade water (1:3 volumetric ratio).
This mixture was stirred continuously in an open atmosphere for 30 minutes to ensure
uniform dispersion, resulting in a neat CNF suspension with an approximate solids content

of 0.75% by mass. This diluted suspension was then processed using a Mini DeBEE 30
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homogenizer (BEE International, South Easton, MA, USA), equipped with a 0.20 mm
(0.008 inch) nozzle. Each homogenization cycle involved pumping the suspension through
the homogenizer's spring-loaded valve assembly at a conditioning pressure of
approximately 7 MPa. During each cycle, the valve assembly repeatedly opened and
closed, creating pressure drops that induced high shear, cavitation, and impact forces as the
suspension passed through the narrow nozzle. Each pass through the homogenizer nozzle
took approximately 3—5 seconds, promoting consistent and effective fibrillation, enhancing
hydrogen bonding, and reinforcing the structural integrity of the resulting CNF network
(Lovely et al., 2025). The suspension underwent five complete homogenization cycles,
based on preliminary trials and previous studies recommending fewer than 30 passes to
minimize shear damage and preserve structural integrity under medium-to-low pressure
conditions (Cheng & Via, 2017; Chun et al., 2011; Li et al., 2018). After homogenization,
additional HPLC-grade water, equivalent to 12% of the total homogenized suspension's
mass, was added and stirred continuously at 400 rpm for another 30 minutes in a
borosilicate glass storage bottle to reduce viscosity and improve sprayability. This further
dilution resulted in a slight reduction of CNF solids content to approximately 0.67% by
mass. The final suspension, labeled CNF-5, was subsequently used in the coating
process. Throughout the homogenization procedure, temperature was carefully regulated
between 10 °C and 15 °C using the homogenizer’s internal cooling system in conjunction
with an external Isotemp Refrigerated Circulating Bath 910 (Fisher Scientific, Waltham,

MA, USA), to avoid crystallinity loss, excessive energy consumption, and nozzle clogging.
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3.2.2. Preparation of Paper Layer

The handmade mulberry fiber-based paper was first cut into 127 mm x 127 mm (5
in x 5 in) sheets. The paper was then hot-pressed at 100 °C for 10 minutes under 4.14 MPa
(600 psig) using a Carver Laboratory Press (Fred S. Carver Inc., Wabash, IN, USA).
Stainless-steel mirror plates were cleaned with ACS-grade acetone (Greenfield Global
USA Inc., Pharmco-Aaper brand, CAS No. 67-64-1) and wiped with Kimwipes® Low-
Lint Wipers (Kimberly-Clark Professional) before being placed in contact with both sides
of the paper. This procedure aimed to densify the paper, improving its surface smoothness
and mechanical integrity, which are critical for achieving uniform coating application. The
hot-pressed paper was subsequently used as the First layer of the dual-layer packaging
system. After hot pressing, one paper sheet intended as the control (uncoated) paper sample
was placed in a Quincy Lab Model 40GC oven (Quincy Lab Inc., USA) at 125 °C for 24
hours to remove any residual moisture. During oven storage, the relative humidity was
effectively 0%, and the sample was not exposed to light. The remaining sheets were
allowed to cool at room temperature for 10 to 15 minutes in an open atmosphere before

being used for subsequent CNF spray coating.

3.2.3. Spray Coating and Hot-Pressing CNF onto a Paper Layer

CNF-5 suspension (60 ml) was spray-coated onto the paper surface using an Iwata
Hi-Line HP-TH airbrush (Anest Iwata, Japan) with a 0.8 mm nozzle. Before reaching this
step, one of the difficulties was that the homogenized CNF had high viscosity and was
difficult to spray using the available equipment. That is why it was diluted after
homogenization, as described earlier. After spraying, the coated samples were left to dry

at room temperature in an open atmosphere for 12 hours. During this time, some shrinkage
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was observed on the paper/CNF surface. Once dried, the samples were hot-pressed at 130
°C for 15 minutes under 4.14 MPa (600 psig) using a Carver Laboratory Press (Fred S.
Carver Inc., Wabash, IN, USA). As in previous steps, stainless steel mirror plates, were
cleaned using ACS grade acetone (Greenfield Global USA Inc., Pharmco Aaper brand,
CAS No. 67 64 1) and wiped with Kimwipes® Low Lint Wipers (Kimberly Clark
Professional) before being placed in contact with both surfaces of the samples during
pressing. After hot pressing, the sealed pressing plates were exposed to high speed airflow
from the laboratory compressed air outlet for approximately 30 seconds to accelerate
cooling. The air was not applied directly to the sample surface; instead, the plates remained
closed during cooling to prevent potential oil or particulate contamination from reaching
the CNF layer. The samples were then stored in a Quincy Lab Model 40GC oven (Quincy

Lab Inc., USA) at 125 °C for 24 hours to prevent moisture absorption.

3.2.4. Preparation for PGA-Ethanol Suspension

PGA pellets were dissolved in HFIP at 10% wt. under continuous stirring at 400
rpm and 50 °C in a closed atmosphere using a round-bottom flask for 24 hours.
Solubilization was confirmed visually, and no undissolved particles were observed after
this period. The resulting 100 mL of the PGA-HFIP solution was gradually added to 1 L
of DCM (1:10 volumetric ratio) while stirring at room temperature for 30 minutes. Upon
addition to DCM, the PGA formed a cloudy suspension, indicating the presence of fine,
insoluble particles uniformly dispersed throughout the solvent. This suspension was then
sonicated using a Fisherbrand CPX1800 Ultrasonic Bath (Fisher Scientific, USA) for 1
hour at a power setting of 70 W to improve dispersion. After sonication, the entire 1100
mL of PGA-HFIP/DCM suspension was added dropwise into 2200 mL of ethanol (1:2
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volumetric ratio) while stirring at 400 rpm for 24 hours in a borosilicate glass bottle. during
application with available airbrush. Precipitated PGA was separated using an Eppendorf
5804 Benchtop Centrifuge (Eppendorf, Germany) at 3000 rpm for 5 minutes to remove
residual solvents from the mixture. Centrifugation was repeated 5 times with fresh ethanol
to ensure thorough removal of solvents. The recovered PGA appeared as a damp, cake-like
solid with a cohesive texture due to residual ethanol. After the final centrifugation, the wet
PGA solids were transferred from centrifuge tubes to a sealed borosilicate glass storage
bottle by rinsing with ethanol. The bottle was stirred at 350 rpm and room temperature for
1 hour to maintain the mixture as a suspension. The solids content of the PGA-ethanol
suspension was determined to be 2.73% =+ 0.17 by mass, based on triplicate moisture
analysis using an OHAUS MB45 Moisture Analyzer (OHAUS Corporation, USA). To
measure this, 1 mL of the thoroughly stirred suspension was placed in the analyzer and
dried at 105 °C until constant weight for 8 hr. The process was repeated three times to
calculate the average. This PGA suspension was then stored in a borosilicate glass storage
bottle at room temperature until it was used in the next step. (Johnson et al., 2021; Lettieri

et al., 2025; Peters et al., 2025; Yoon et al., 2020).

3.2.5. Spray Coating and Hot-Pressing PGA onto Paper/CNF Layer

Before spray coating, the PGA suspension was stirred again at 350 rpm for 1 hour
at room temperature to reestablish uniform dispersion. A volume of 12 mL of the
suspension, containing approximately 0.2681 g of solid PGA, was placed into the sprayer
for coating. This quantity was used for each sample. Triethyl citrate (TEC) was added at
10% by weight relative to the solid PGA as a plasticizer to improve film flexibility and
reduce brittleness. Exactly 11.8 uL of TEC was added to the suspension and stirred
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magnetically for 10 to 15 minutes to ensure uniform mixing. The modified suspension was
then spray-coated onto the CNF-paper surface using the Iwata Hi-Line HP-TH airbrush
(Anest Iwata, Japan). The coated samples were dried inside a fume hood under ambient
laboratory conditions for 30 minutes. After drying, the samples were hot-pressed at 225 °C
for 2 minutes under 8.27 MPa (1200 psig) using the Carver Laboratory Press (Fred S.
Carver Inc., Wabash, IN, USA). PTFE Teflon sheets (LIXBMD) were placed on both sides
of the sample to prevent the PGA layer from adhering to the hot-press plates. It is important
to note that the temperature listed here refers to the instrument’s set value, not the actual
temperature between the mirror plates. No thermocouples or internal sensors were used
during pressing, so the exact temperature at the sample surface may have varied due to heat
transfer limitations or material resistance, which is especially relevant given PGA’s narrow
processing window. After hot pressing, the sample remained sealed between the stainless
steel mirror plates, which were placed in open laboratory air for 30 seconds to cool. This
allowed the PGA chains to reorganize and promote the formation of ordered crystalline
regions while preventing contamination. The sample was removed from between the plates
after cooling. The final samples were then stored in a Quincy Lab Model 40GC oven
(Quincy Lab Inc., USA) at 125 °C for 24 hours. After oven storage, all samples were placed
in a sealed desiccator containing silica gel to protect them from ambient moisture before
testing. The final prepared samples (Paper, Paper/CNF-5, Paper/CNF-5/PGA) were each

weighed three times, and the mean masses are summarized in Table 3.1.

Table 3.1. Mean mass of samples.
Sample Mean Mass (g)
Paper 0.722 £ 0.009
Paper/CNF-5 0.915 £ 0.030
Paper/CNF-5/PGA | 1.270 + 0.042
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3.3. Characterizations

3.3.1. Thermogravimetric Analysis (TGA)

TGA is one of the conventional thermal techniques to determine thermal stability
and compositional characteristics of materials. Additionally, TGA plays a key role in
establishing the degradability of materials when subjected to various environmental
conditions, thus helping create sustainable and recyclable materials (Brunsek et al., 2023).
Thermal degradation analysis was conducted with a TGA 550 Thermogravimetric
Analyzer (TA Instruments, New Castle, DE, USA) using pyrolytic TGA (N), as indicated
in Figure 3.2, to examine the thermal stability of the materials in a temperature range of 25
°C to 600 °C. The samples were pre-equilibrated at 30 °C before heating. A 5 mg sample
was placed in the crucible and heated at a controlled rate of 5 °C per minute. The
temperature at 5% weight loss (Tqs%), and final degradation temperature (Tr) were derived
from the TGA thermograms. The resulting values provide thermal changes relating to each
decomposition process of the materials, providing essential data on their thermal stability.
Data were analyzed with either TRIOS or TA Universal Analysis software (TA

Instruments, New Castle, DE, USA).
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Figure 3.2. Thermogravimetric Analysis Instrument.

3.3.2. Oxygen Transmission Rate (OTR)

Barrier properties are essential when designing materials that require protection
from environmental factors such as water vapor, humidity, gases (e.g., oxygen), or
temperature fluctuations. These properties help delay degradation and extend the shelf life
of sensitive products. Among the key parameters, oxygen permeability determines how
easily oxygen molecules penetrate a material (Ehrmann, 2024). Oxygen is one of the most
studied permeants due to its ability to migrate between internal and external environments
(Siracusa, 2012). Given that the molecular diameter of oxygen is 2.98 x 1078 cm, materials
with pore sizes are more significant than this threshold exhibit higher oxygen permeability.
Oxygen plays a vital role in numerous degradation processes, including lipid oxidation,
microorganism growth, enzymatic browning, ethylene-induced ripening, and the
deterioration of organoleptic properties such as flavor, color, and nutrient content (Ayranci

& Tunc, 2003; Brown, 1992; Hong & Krochta, 2006; Russo et al., 2006). Oxygen
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permeability testing can be conducted under controlled relative humidity and temperature
conditions, influencing the material's oxygen diffusion and solubility. Other contributing
factors include cohesive energy density, polarity, crystallinity, and chemical structure,
affecting the material's free volume and permeability (Atiqah et al., 2019; Miller &
Krochta, 1997). The measurement principle is based on the differential pressure or
concentration-driven oxygen diffusion through a sample film. The testing apparatus
employs a dual-chamber system, where one chamber is supplied with oxygen or air while
the other is purged with nitrogen to create a concentration gradient. A pre-conditioned film
sample is mounted within the system under ambient atmospheric pressure. As oxygen
permeates through the film, it is carried by the nitrogen flow into a coulometric sensor,

which detects the generated electrical signals corresponding to the oxygen concentration.

Figure 3.3. Oxygen Transmission Rate Analysis Instrument.
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This study measured the samples' OTR using a gas transmission-rate tester (C230,
Labthink Inc., Boston, MA, USA) following American Society for Testing and Materials
(ASTM) D3985 standards. The test was conducted at 23 °C with a relative humidity of 0%.
Before testing, the thickness of the films was measured using a digital thickness gauge
(700-118-20 Quick Mini, Mitutoyo, Kawasaki, Japan) by recording 10 random readings to
the nearest 0.001 mm, and the average value was used for subsequent calculations. The
film sample was then placed into the test chamber, where the "Film-ASTM" test mode
without compensation was selected. The system underwent a purging process with nitrogen
gas for 30 seconds between cycles to ensure gas purity. The instrument was preheated for
2 hours before testing. The test parameters were set to a flow rate of 100 mL/min, a relative
humidity of 0%, and a temperature of 23 °C. Each measurement cycle begins with a 30-
second purge of the downstream chamber using pure nitrogen to clear residual oxygen and
establish a stable baseline. Once the sensor readout stabilizes, nitrogen flows through the
downstream cell at 100 mL per minute, while oxygen flows through the upstream chamber
at the same flow rate. This creates a constant concentration gradient across the film sample.
As oxygen molecules diffuse through the specimen, they combine with the nitrogen stream
and pass through the coulometric detector, which continuously records the electrical signal
for 30 minutes. After each interval, the instrument automatically rezeroes, and the cycle
repeats. Five consecutive cycles are performed on the same specimen, and the final OTR
is calculated by averaging these 5 measurements. This entire process was repeated 3 times
for each specimen to confirm data consistency. Thus, the reported OTR values represent
the average obtained from 3 replicates of the same specimen, with each replicate

undergoing 5 test cycles.
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3.3.3. Contact Angle Analysis

Surface wettability, i.e., hydrophilicity or hydrophobicity, is a crucial property that
indicates the solid-liquid interface and intermolecular forces of a material. It is intrinsically
connected with surface energy, adhesion force, wetting, and absorption behavior, and thus
acts as a crucial parameter in material evaluation (Good, 1992; Pauleau, 2006). Wetting
behavior can be generally described as the tendency of a liquid to spread across or to form
discrete droplets on a solid surface and is governed by intermolecular forces. Contact angle
measurements are usually conducted in an optical tensiometer, also referred to as a drop-
shape analyzer or goniometer. In this approach, a dropper dispenses the test liquid on the
surface of the sample as a camera, in association with an LED light source, continuously
illuminates and records the behavior of the droplet in real-time. A three-phase contact line
forms at the solid, liquid, and vapor interface, marking the surface tension (y) between the
liquid-vapor (yiv), solid-liquid (ys1), and solid-vapor (ysv) phases. The interfacial tensions
are calculated using the Young—Laplace equation, affording the contact angle of the
sample. Based on the wettability classification, a material with a contact angle of < 90° is
hydrophilic, and a material with a contact angle of > 90° is hydrophobic (Del Rio &
Neumann, 1997; Khan et al., 2019; Zhang et al., 2023). Contact angle measurement is
widely regarded as one of the simplest, most cost-effective, and most reproducible methods

for evaluating surface wettability (Cobb et al., 2018; Yang et al., 2019).
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Water contact angle (WCA) measurements were performed in this study using a
Theta Flow contact-angle goniometer (Biolin Scientific Inc., Linthicum Heights, MD,
USA) presented in Figure 3.4. The sessile drop method was employed, in which a 5 pL
droplet of HPLC-grade water was carefully deposited onto the sample surface using a 200
pL pipette tip at a controlled dispenser speed of 25 pL/min. Contact angles were measured
by the 6/2 method, which fits a circle to the droplet profile and defines the contact angle as
half of the apex angle at the liquid—solid interface. The camera began recording at the
moment the drop touched the surface, so the first frame (t = 0 s) captures the initial contact
angle. The optical system was configured with light and heavy phases (air and water at 20
°C) to account for density differences in surface tension calculations. Images were recorded
automatically at roughly 0.6 s intervals for a total of 60 s, yielding a high-resolution time

series of contact angles from the same drop on each film. For each film, contact angles at
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0 s and 60 s were extracted from that single sessile-drop sequence, capturing the change in

wetting behavior over time without additional replicate droplets.

3.3.4. Scanning Electron Microscopy (SEM)

Morphological analysis offers key information regarding the structural organization
and molecular arrangement of materials, ranging from the nanoscale level (e.g., crystalline
lamellae and nanoparticles) to the macroscale level (e.g., mechanical and surface
properties). The morphology is influenced by a variety of parameters such as molecular
weight, branching, crosslinking, and crystallinity, and influences the mechanical, chemical,
electrical, thermal, adhesive, and wettability performance of the material (Araki et al.,
1998; Khalifeh, 2020). Morphological characterization may be accomplished using direct
or indirect methods, with direct observation enabled by various microscopic techniques,
which vary in resolution and magnification (Maxfield, 1994). Among these methods,
electron microscopy is generally favored over optical microscopy because of its superior
resolution capabilities. Although optical microscopy is considered to be cost-effective and
non-invasive, it is hampered by the wavelength of visible light (400-700 nm); however,
electron microscopy uses shorter wavelengths and, as such, achieves higher resolution
(Spence, 2013). Electron acceleration and momentum, which are determined by applied
voltage, also affect the image quality (Reimer, 2000; Vinet & Zhedanov, 2011). The
negatively charged electrons produce intense interactions with atomic structures, allowing
for high-resolution imaging even of nanomaterials below 15 nm. SEM is a robust electron
microscopy method mostly utilized for surface morphology characterization. In contrast to
Transmission Electron Microscopy (TEM), which is optimally used for internal structure

analysis, SEM visualizes the surface of a material and generates images based on the
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reflection of electron beams (Inkson, 2016). SEM focuses an electron beam onto the sample
surface, and the interaction of the electrons with the material generates secondary and
backscattered electrons to produce high-resolution images. Because of the ability of high-
energy electron beams to cause sample charging and potential damage, insulating materials
require special preparatory techniques. These can involve the deposition of a conductive
coating and examination at lower accelerating voltages (1-4 kV) (Egerton & Egerton,
2016; Goldstein et al., 2003). One of the widely utilized techniques of specimen
preparation is the procedure of ion sputter coating with a conductive material, such as gold,
platinum, carbon, or palladium, under argon gas because of its high atomic mass, inertness,
and non-destruction (Goldstein et al., 2003; Hatano et al., 2022). SEM examination is
conducted under a vacuum chamber, where the radiated electron beam (accelerated
between 0.1-50 keV voltage) is concentrated and scanned in a sequence over the sample
surface. Low vacuum pressure (0.1-107* Pa) helps in reducing the electron-air interactions,
which results in better image quality (Goldstein et al., 2017). SEM imaging can be
conducted on the sample surface, while cross-sections can be obtained using fracture or

microtomy (Mitchell & Tojeira, 2016).
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Figure 3.5. Scanning Electron Microscope.

For the present work, morphologies and microstructures of the samples were
examined with the help of field-emission scanning electron microscopy (JEOL-IT500,
JEOL Co., Ltd., Tokyo, Japan) at a 10 kV accelerating voltage. Surface specimens were
trimmed from the films using stainless steel scissors and mounted on aluminum pin stubs
with copper adhesive tape. Also, cross-sectional specimens of each film type were prepared
by immersing sections in liquid nitrogen and fracturing them with a razor blade to expose
a clean cross section, The specimens were mounted on pin stubs with copper tape and were
coated with an approximate 100 A of platinum by ion sputtering in a sputter-coating
machine (EM-ACE600, Leica Co., Ltd., Laughton, England), as presented in Figure 3.5.
Sputtering in the argon atmosphere (10—15 psia) was done at a pressure of 50 mTorr and
45 mA current for 45 seconds to achieve uniform conductivity and image contrast. Surface
morphology was imaged on 1 specimen each of paper and paper/CNF-5 at 4 levels of

magnifications, and on 1 specimen of paper/CNF-5/PGA at 3 levels of magnifications.

44



Cross-sectional morphology was examined on each film type with 3 levels of
magnifications. Images were analyzed in ImageJ to measure total multilayer thickness and

individual coating thickness.

3.3.5. Surface Roughness Evaluation

Surface roughness, often called surface morphology in 3D (topography), quantifies
the irregularities on a material’s surface (Mirabal et al., 2023). This property is crucial in
structural integrity and environmental interactions, influencing wettability, wear behavior,
and mechanical stresses (Antonov et al., 2023; Song et al., 2022). Surface roughness can
be analyzed using 3D microscopic imaging and Z-stack (or focus-stack) techniques, where
multiple images taken at different focal distances are combined to create a composite image
with an extended depth of field (Johnson, 2008). By filtering the reference plane to align
with the actual surface of the film, height variability is minimized, addressing the well-
documented limitation of reduced depth of field in high-magnification numerical apertures.
Digital microscopes enable surface roughness analysis by capturing topographical features
through a high-resolution camera and a wide-range zoom lens, both mounted on a free-
angle observation stand. The instrument’s Z-axis lens is adjustable, shifting the focus level
across the surface. While imaging, the highest points of the sample are recorded first, while
the lowest points are recorded last. By tracking the focal plane positions at different
heights, the system reconstructs a 3D surface model, facilitating the evaluation of
roughness and waviness. This surface micro-geometry is quantitatively described using Sa
(arithmetical mean height over an entire surface area) (Woch et al., 2022). S, provides a
comprehensive roughness measurement across the sample’s entire surface (Adamcik et al.,
2023; Lovely et al.; Lovely et al., 2025). In this study, surface roughness measurements
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were performed using a 3D surface profilometer (VK-X3000, Keyence Co., Ltd., Osaka,
Japan) depicted in Figure 3.6, adhering to ISO 25178 standards. Three-dimensional surface
images of the film samples were analyzed using Keyence VK-X3000 Multifile Analyzer
(Keyence Corporation, Osaka, Japan) software, which applied a filtering process to align
the reference plane with the film’s actual surface, thereby minimizing height variability
before roughness parameter quantification. The arithmetical mean height (S.), representing
the average absolute height variation across the defined measurement area, was recorded
as the mean of 3 replicates for the Paper and Paper/CNF-5 samples, and 10 replicates for

the Paper/CNF-5/PGA sample to ensure statistical reliability.

Figure 3.6. 3D Surface profilometer! Instrument.

! https://nanoscience.ucf.edu/equipment/details/surface-profiler-3d-keyence-vk-x3000/
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CHAPTER 4

4. Results and Discussion

4.1. Thermal Stability

Thermogravimetric Analysis (TGA) was used to assess the heat resistance and
decomposition behavior of dual-layer biodegradable packaging films. Special focus was
given to the effect of a spray-coated PGA layer on a CNF-treated paper substrate.
Measurements were conducted under a nitrogen atmosphere. For each of the 4 sample types
(Paper, Paper/CNF-5, Paper/CNF-5/PGA, and neat PGA), 3 separate specimens were
analyzed and each TGA run was performed 3 times to ensure reproducibility. Figure 4.1
illustrates the TGA curves, with Paper and Paper/CNF-5 showing near-identical profiles,
due to the fact that they are both comprised of cellulose. The evaporation of loose and
bound water constitutes the first stage of weight loss and occurs in the Paper, Paper/CNF-
5, and Paper/CNF-5/PGA samples below approximately 150 °C. This initial weight loss is
attributed to the desorption of moisture from hydrophilic and cellulose-based component.
Beyond this temperature, the weight of the samples remained largely stable until the onset
of major decomposition. The main decomposition stage involves the degradation of the
sample’s structural framework. According to Table 4.1, the temperature at 5% weight loss
(Tqs%) occurred at 278 °C for the Paper sample, 277 °C for Paper/CNF-5, and 271 °C for
Paper/CNF-5/PGA. These values indicate that all three systems possess appreciable
thermal endurance. As shown in Figure 4.1, all samples exhibited nearly identical thermal
behavior. The addition of CNF to the paper layer had little impact on the decomposition

pattern. The Paper/CNF-5/PGA sample includes an additional biopolymer layer. Despite
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this, its Tds% value remained relatively high at 271 °C, slightly lower than Paper and
Paper/CNF-5 but slightly higher than neat PGA at 266 °C. This suggests that the presence
of the paper and CNF layers slightly improved the early thermal stability of the PGA within
the multilayer system. PGA’s known characteristics, including high crystallinity (typically
45 to 55%), tightly packed molecular structure, and limited segmental mobility, are
responsible for its strong thermal behavior, even when used as a distinct layer over the
paper/CNF substrate. Compared to conventional a biodegradable polyester such as PLA,
PGA continues to demonstrate superior thermal resistance, making it a reliable candidate
for dual-layer bio-based systems (Ayyoob et al., 2017; Murcia Valderrama et al., 2020; Yu
et al., 2016). Although triethyl citrate (TEC), with a boiling point of 294 °C, was used in
the suspension, the TGA curve exhibited a single, well-defined degradation peak starting
at 271 °C, consistent with neat PGA. This indicates that the residual TEC likely volatilized
concurrently with the PGA degradation rather than appearing as a separate peak, due to the
proximity of TEC's boiling point to PGA’s degradation onset temperature.

The residual mass observed at the end of thermal decomposition further highlights
the influence of each component in the samples. The Paper/CNF-5 sample yielded the
highest residual mass (~15%), which typically occurs due to the presence of minor
inorganic impurities or structural modifications introduced during the nanofiber extraction
process (Hameed et al., 2022; Roman & Winter, 2004). Such impurities or structural
changes commonly enhance char formation, leading to increased residue at elevated
temperatures compared to the paper alone (~12%). Introducing the PGA layer to the
Paper/CNF-5 substrate resulted in a lower residual mass (~12%), closer to the paper itself.

This indicates that PGA contributes minimal residue compared to Paper and CNF-5 upon
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decomposition, since if it had higher residue compared to Paper, the residue of Paper/CNF-
5/PGA would be much higher than Paper alone. PGA predominantly decomposes into
volatile compounds without significant residue formation due to its aliphatic polyester
structure (Yang et al., 2021). Additionally, the plasticizer, TEC, volatilizes entirely during

heating and leaves no substantial residue (Vieira et al., 2011).

Table 4.1. Thermogravimetric analysis of dual-Layer packaging films: Major degradation temperatures.

Samples Tas% (°C) | Tt (°C)

Paper 278 366

Paper/CNF-5 277 369

Paper/CNF-5/PGA 271 368

PGA 266 375
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Figure 4.1. Thermogravimetric weight loss profile of dual-layer packaging films under N,.
4.2. Surface Roughness

Following thermal analysis, surface roughness was measured to assess how each
coating step affects the overall and surface-specific layer build-up. A 3D surface profiler

provided precise measurements of total and coated layer roughness. Surface roughness
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influences the barrier properties of paper-based materials, particularly when modified with
biopolymer coatings. In this study, 3D surface profilometry was employed to assess the
topographical characteristics of sample types: Paper, Paper/CNF-5, and Paper/CNF-
5/PGA. For each sample type, 3 separate specimens of Paper and Paper/CNF-5 and 10
specimens of Paper/CNF-5/PGA were measured to ensure statistical reliability of the S,
values. The arithmetic mean height (Sa.) values were measured to quantify surface
roughness, providing insights into the effectiveness of each treatment. As shown in Figure
4.2, the Paper sample exhibited a surface roughness with a Sa value of 3.83 + 0.45 pm.
Compared to the unpressed paper sample (Table S1), this roughness level reflects the
improved yet still relatively rough surface of the hot-pressed mulberry fiber paper,
especially when compared to the coated variants. Despite the hot pressing, the fibrous and
porous characteristics remain evident, impacting its barrier properties and printability and
limiting its applicability in high-quality packaging solutions. Incorporating CNF into the
paper matrix (Paper/CNF-5) resulted in a significant reduction in surface roughness, with
the S. value decreasing to 2.15 + 0.64 um. This improvement is likely due to forming a
more uniform and denser network upon hot pressing, which minimizes surface
irregularities and leads to a smoother finish. With an average S, value of almost 1.33 um +
0.05 pum, the Paper/CNF-5/PGA samples showed the most noticeable improvement in
surface smoothness. Applying the PGA layer, followed by hot pressing, likely facilitated
the polymer's flow into residual surface voids, creating a continuous and uniform coating.
Figure 4.3 provides supporting 3D and z-stack images, visually confirming the progressive
surface smoothing across all three samples. This significant decrease in surface roughness,

reflected by the trend of S. values decreasing from Paper to Paper/CNF-5 to Paper/CNF-
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5/PGA, demonstrates how successive biopolymer treatments combined with controlled hot
pressing effectively improve surface smoothness, consistent with previous findings on the

role of biopolymer coatings in enhancing paper substrates (Khwaldia et al., 2010).

2.15 *|0.64 um

1.33 £0.05 um

Paper Paper/CNF-5 Paper/CNF-5/PGA
Figure 4.2. Surface roughness of dual-layer packaging films: arithmetical mean height or S,.

Y

Paper/CNF-5 Paper/CNF-5/PGA

(b)
Figure 4.3. Surface roughness of dual-layer packaging films (a) 3D and (b) z-stack images.
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4.3. Scanning Electron Microscopy (SEM)

SEM was used to examine the morphological structure of the samples on both the
surface and cross-section levels. SEM possesses high-resolution imaging to enable close
visualization of topography, porosity, and layer interfaces of coated materials. It is
beneficial in packaging research to characterize barrier coatings, observe polymer
distribution, and evaluate surface smoothness and layer continuity (Ajitha et al., 2016;
Yuan et al., 2016). These capabilities are critical for evaluating how spray-coated CNF and
PGA alter the microstructure of paper to improve functional properties for packaging
applications. SEM analysis was performed on one specimen each of paper, Paper/CNF-5,
and Paper/CNF-5/PGA. For surface morphology, 5 images at different magnifications were
collected for each of the paper and Paper/CNF-5 specimens, and 6 images for the
Paper/CNF-5/PGA specimen. Cross-sectional morphology was examined on each
specimen with 3 images per sample. In Figure 4.4, the surface micrograph of Paper shows
a rough, porous structure with large voids and gaps between the cellulose fibers, typical of
uncoated commercial paper. These surface pores are open and irregular, indicating minimal
resistance to moisture or gas penetration. Such morphology is consistent with prior reports
describing sack kraft or writing and printing papers, where large fiber-fiber crossings and
insufficient bonding between layers result in high porosity and poor barrier properties (de
Oliveira et al., 2022; Mirmehdi, de Oliveira, et al., 2018). This open structure is unsuitable
for most food or pharmaceutical packaging applications, which need fluid and vapor
transmission. In contrast to the uncoated paper, after spray coating the paper with CNF and
hot pressing, the surface of Paper/CNF-5 exhibits clear morphological changes. As seen in

the SEM surface, the CNF layer covers the substrate uniformly, filling many of the surface
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voids and reducing the average pore size. The fibrous texture of the paper is still visible
beneath the nanocellulose matrix, but the overall surface is significantly smoother. These
changes show that the CNF suspension penetrated the surface and filled voids during spray
coating. Hot pressing then consolidated the layer, making it denser. This observation aligns
with reports that CNF forms a dense web over porous paper, reducing porosity and
improving barrier function by forming a tortuous path against molecular diffusion
(Mirmehdi, de Oliveira, et al., 2018; Wang et al., 2018). The smoother surface obtained
after CNF spray over paper coating is also associated with increased contact angle and
hydrophobicity, as documented (Torun & Onses, 2017). Upon adding a second spray-
coated layer of PGA to the Paper/CNF-5 sample, the SEM surface image of Paper/CNF-
5/PGA reveals a further transformation. As observed in Figure 4.4, the outer surface
appears continuous and highly smooth, with minimal evidence of underlying fiber texture.
Compared to Paper/CNF-5, the topography of this sample is more uniform, and most
surface roughness is eliminated. This smoothing is attributed to the second spray-coated
layer of PGA, which spreads over the CNF-treated substrate and fills any remaining gaps.
During hot pressing, the PGA softens and conforms tightly to the CNF layer and underlying
paper, forming a dense surface layer. However, PGA films commonly exhibit cracking
phenomena, such as microcracks and pinholes, particularly after thermal processing or
solvent casting, primarily due to their inherent brittleness and high crystallinity, especially
in the absence of a plasticizer (Shum & Mak, 2003). In Figure 4.4, the SEM images of the
Paper/CNF-5/PGA sample reveal a continuous and uniform outer surface with only a few
observable cracks. This smooth morphology is a result of the cohesive polymer coverage

achieved during hot pressing. The limited occurrence of surface cracks might be attributed
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to the incorporation of 10 wt.% TEC as the plasticizer, which enhances polymer chain
mobility and flexibility. By softening the otherwise brittle PGA matrix, TEC enables better
surface flow and film formation, resulting in a denser, more cohesive layer that minimizes
potential diffusion pathways and reduces the likelihood of pinhole formation. The impact
of TEC on the PGA surface morphology is highlighted by comparing samples with and

without plasticizers (Figure S2).

300 X 500 X 1000 X

Paper

Paper/CNF-5

Paper/CNF-5/PGA

Fie4.4. EM surface images u-layer packaging samples.

To gain a deeper understanding of these structural characteristics, cross-sectional

SEM analysis was conducted on the samples. Thickness values reported in this section are
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based on a single representative measurement for each sample, intended for comparative
evaluation of layer dimensions rather than statistical analysis. In the Paper sample, the
coated layer thickness was measured at approximately 103.7 micrometers, with no visible
coating layer on the surface (Figure 4.5; Table 4.2). Although the substrate was hot pressed,
the internal structure remains composed of loosely packed cellulose fibers. The absence of
a coating layer allows the persistence of surface pores and inter-fiber voids, as also
observed in the surface SEM images, which contributes to the lack of barrier functionality
in this unmodified paper sample. In the case of Paper/CNF-5, the coated layer thickness
was measured at 97.2 micrometers, and the top surface exhibited a noticeable coated layer
of about 6.2 micrometers, as shown in Figure 4.5 and Table 4.2. This coated layer
represents the deposited CNF, which is compacted through hot pressing. Although thin,
the layer exhibits good adhesion to the paper and reduces surface porosity, as evidenced
by the dense microstructure in the cross-section. Finally, for the Paper/CNF-5/PGA
sample, the cross-sectional image of Paper/CNF-5/PGA reveals the most substantial
coating among the three samples. The thickness of the sample is measured at 61.8
micrometers, and the top-coated layer is approximately 20.9 micrometers (Table 4.2). Due
to the similar morphology and elemental composition of CNF and PGA, their individual
layers could not be distinguished in the cross-sectional SEM images. This thickness reflects
the combined contribution of the CNF and PGA layers, with PGA comprising the majority.
The interface between the coated layer and the paper is continuous, with no observable
delamination or gaps. This indicates strong interfacial adhesion, likely governed by
mechanical interlocking and physical bonding between the polymer and the

microstructured CNF surface beneath. The notable increase in top layer thickness
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correlates with improved barrier functionality, as thicker, denser surface layers reduce the
permeation of gases and oils (Wang et al., 2018; Yuan et al., 2016). The SEM images
demonstrate that the prepared PGA suspension was effective for spray coating, as
confirmed by surface and cross-sectional images showing uniform coating coverage and
good interlayer adhesion, fulfilling the first objective of forming a stable dual-layer
structure. To further assess the role of the plasticizer, SEM images of PGA coated samples
prepared without TEC (Figures S2 and S3) indicate that while these samples exhibited
acceptable interlayer adhesion, confirming the suitability of the PGA suspension for spray

coating, surface images revealed significant cracks and defects.

Table 4.2. Cross-sectional thickness measurements of the whole and coated layers for each sample,
obtained from SEM analysis.

Thickness of the Whole Thickness of the Coated
Sample
Layer Layer
Paper 103.703 um N/A
Paper/CNF-5 97.157 pm 6.181 um
Paper/CNF-5/PGA 61.760 um 20.851 pm
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Figure 4.5. SEM cross-sectional images showing the dual-layer packaging systems.

4.4. Wettability or Contact Angle

Contact angle measurements were performed to evaluate changes in surface

functionality. Hydrophobicity reflects surface energy and barrier efficacy against moisture.
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Contact angles of selected samples were measured in order to investigate these concepts.
These results highlight the impact of surface treatments on water resistance. To establish a
baseline, the study first examined a neat paper sample. The commercial paper sample
displayed extreme hydrophilicity. Upon depositing a water drop, the droplet immediately
began to penetrate and spread into the porous fibrous network. The bare paper absorbed
water almost instantly, with the droplet vanishing within 1 second (0 = 0°). This is typical
for cellulose substrates with hydroxyl-rich, porous structures that promote capillary
absorption (Ambrosia & Ha, 2018; Negro et al., 2023). Coating the paper with CNF and
applying hot pressing reduced surface roughness, altering its wetting behavior. The initial
contact angle of the Paper/CNF-5 sample increased to around 50°, and the water droplet
remained visible throughout the 60-second measurement, though it gradually flattened.
Although CNF is hydrophilic, its dense fibrillar structure delayed water uptake and
stabilized the droplet shape (Lovely et al., 2025; Marchetti et al., 2024; Negro et al., 2023).
To build on the CNF coating’s moderate success, a layer of PGA was added to enhance
water resistance further. Further enhancement in hydrophobicity was observed in the
Paper/CNF-5/PGA sample. This sample exhibited the highest initial and sustained contact
angles among the three, with the droplet maintaining a slightly more spherical shape even
at 60 seconds. The surface roughness further declined upon PGA coating, indicating a
smoother and more continuous surface layer. PGA contributes to this hydrophobic
behavior through its inherent chemical structure, a linear aliphatic polyester lacking free
hydroxyl groups, making it inherently less polar and less hydrophilic than cellulose. PGA
is not highly water-repellent; a smooth PGA film has a contact angle of approximately 50—

55°, which is still considered hydrophilic (Vargha-Butler et al., 2001). However, it attracts
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water less than sugar-based CNF. Additionally, PGA’s high crystallinity limits the space
and movement within the material, making it harder for water to diffuse into or swell the
PGA layer. While PGA’s surface energy doesn’t make it highly water-repellent, its
physical structure still prevents water from soaking in quickly. In effect, the droplet
remains on the surface as an isolated bead for longer (Ambrosia & Ha, 2018; Regubalan et
al., 2022). The improvements in water resistance from CNF and PGA coatings can be
attributed not only to changes in surface chemistry but also to the effect of hot pressing.
This process has likely enhanced film uniformity, polymer diffusion, and coating adhesion.
Hot pressing also promotes densification, minimizing surface irregularities and sealing
microscopic voids that might otherwise act as wicking pathways. These combined effects
are supported by the observed gradation in surface roughness and by the fact that hot-
pressed films consistently exhibited higher and more stable contact angles over time, as

seen in Figure 4.6.
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Figure 4.6. Contact angle measurements of dual-layer packaging films: (a) top surface at 0 and 60 seconds,
and (b) top surface over 60 seconds.

4.5. Barrier Properties

Barrier properties, particularly oxygen transmission rate (OTR), are critical for
evaluating packaging materials intended to protect sensitive products from environmental
deterioration (Siracusa, 2012). OTR of uncoated paper was not measured due to its
inherently porous structure, which results in very high permeability to gases, rendering
accurate measurement impractical or meaningless. As a result, OTR measurements were
performed on two sample types, Paper/CNF-5 and Paper/CNF-5/PGA, using one specimen
of each tested in three replicate cycles. The averaged values in Table 4.3 and Figure 4.7
demonstrate the significant barrier enhancement provided first by CNF deposition and then
by the addition of the PGA layer. The OTR of the uncoated paper sample was beyond the

detection limit due to its inherently porous structure characterized by loosely packed fibers.
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This open fiber network allows unobstructed oxygen diffusion, confirmed by SEM
analyses, which displayed numerous fiber voids facilitating oxygen permeability (Ayranci
& Tunc, 2003; Mirmehdi, Hein, et al., 2018). It is noteworthy that samples coated with
PGA without plasticizer showed no barrier properties, which may be attributed to the
presence of surface cracks and defects observed in SEM images (Figure S2). Applying
CNF (Paper/CNF-5) reduced the OTR significantly to 27.00 &+ 0.87 cc/(m?-24h), whereas
uncoated paper is so highly porous that its OTR is beyond the instrument’s measurable
range. This shows CNF's effectiveness as a barrier by physically blocking oxygen
diffusion. SEM images show a more compact surface with filled inter-fiber voids, creating
difficult paths that slow oxygen movement. Profilometry data also confirms reduced
surface roughness after CNF application, suggesting fewer surface irregularities that could
allow oxygen to pass (Hong & Krochta, 2006; Miller & Krochta, 1997; Mirmehdi, Hein,
et al.,, 2018; Shanmugam, 2022). Adding the PGA layer (Paper/CNF-5/PGA) further
reduced OTR to 1.63 + 0.37 cc/(m?24h), indicating a strong barrier performance
approaching high-barrier standards. The superior barrier property of PGA is primarily due
to its high crystallinity and dense molecular packing, creating a tortuous pathway that
effectively restricts oxygen permeation. SEM micrographs reveal a continuous and dense
PGA layer effectively sealing remaining surface openings left after CNF application. This
improvement corresponds with decreased surface wettability; higher contact angles
suggest lower surface energy and better impermeability (Regubalan et al., 2022;

Samantaray et al., 2020).
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Table 4.3. Oxygen transmission rate values of dual-layer packaging samples.

Sample Composition Oxygen Oxygen Transmission Rate
Thickness Transmission Coefficient
(um) Rate (cc-cm/(cm?s-cmHg)) x 10713
(cc/(m?-24h))
Paper/CNF-5 81.00 +0.89 27.00 + 0.87 33.30 £ 1.07
Paper/CNF-5/PGA | 104.00 +1.73 1.63 +0.37 1.62 +£0.62
35
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Paper/CNF-5 Paper/CNF-5/PGA
Figure 4.7. Oxygen transmission rate of Paper, Paper/CNF-5, and Paper/CNF-5/PGA samples.

When comparing this performance with benchmark materials shown in Table 4.4
(Regubalan et al., 2022), the Paper/CNF-5/PGA dual-layer demonstrates superior barrier
properties compared to most biopolymers listed. It notably outperforms biopolymers such
as PLA and approaches the effectiveness of well-known high-barrier synthetic polymers.
However, the OTR is slightly higher compared to the neat PGA referenced in Table 4.4.
This difference is likely due to residual surface pores and minor microcracks generated
during spray coating and hot pressing processes. Additionally, the neat PGA from Table
4.4 originates from another source with potentially different properties, further contributing

to this observed discrepancy. Spray coating CNF and PGA on paper thus effectively
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enhance oxygen barrier performance, establishing this dual-layer system as a promising

sustainable packaging solution.

Table 4.4. Comparison of the oxygen transmission rate of the dual-layer sample with various polymers.

Material Oxygen Permeability!
PGA 0.036
Paper/CNF-5/PGA 0.27+0.10
PLA 38-42
HDPE 130-185
PP 150-800
PA 2-3
PET 3-6
PVC 4-30
EVOH 2-2.6

! em? mil/(100 in?-day-atm)
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5. Conclusion

The study demonstrates that a dual-layered system of a hot-pressed paper substrate
impregnated with CNF and a spray-coated PGA outer film achieves thermal and barrier
properties comparable to or exceeding many conventional bioplastics. Using a solvent-
exchange approach that replaced hexafluoroisopropanol (HFIP) and dichloromethane
(DCM) with ethanol, successive spray coating and hot pressing produced a smooth PGA
film with minimal surface cracking PGA film on a dense CNF-reinforced paper substrate.
The thermogravimetric analysis demonstrated pyrolytic stability up to 270 °C, indicating
suitability for biodegradable packaging applications demanding mechanical integrity at
elevated temperatures (Diana et al., 2022). Surface profilometry indicated progressive
smoothing, and SEM micrographs revealed a homogeneous PGA layer supported by CNF
that had infiltrated the native pores of the paper. Enhanced smoothness presumably reduces
diffusion pathways for moisture and gases, correlating with observed oxygen transmission
rate reductions, thereby enhancing packaging performance. The superior surface finish
makes the Paper/CNF-5/PGA system suitable for food packaging, where aesthetic and
barrier properties are crucial (Moghimi et al., 2018). SEM analysis confirmed that CNF
reduced porosity and PGA formed a continuous barrier layer, enhancing structure and
function. Water contact angle tests showed hydrophobic enhancement, with angles around
60°, remaining above 45° after 60 seconds. This dual-layer approach controls wettability
and possibly prolongs shelf life and performance integrity for moisture-sensitive packaging
applications. Oxygen transmission rates notably decreased to 1.6 cm*-m™2:24 h™' with the
PGA coating, attributable to PGA’s crystalline structure and tortuous diffusion pathways,

significantly outperforming cellulose-based layers alone.
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5.1. Summary of Objectives and Outcomes

e Objective 1: Formulate a stable PGA—ethanol suspension for spray coating
o Achieved. A homogenous, sprayable suspension was prepared via
HFIP/DCM replacement.
e Objective 2: Construct a PGA—paper dual-layer system with CNF as pore-filling
bridge
o Achieved. SEM confirmed CNF infiltration and continuous PGA coverage.
e Objective 3: Optimize hot-press parameters (temperature, pressure, dwell time)
with fixed CNF/PGA loadings
o Partially achieved. While the hot-pressing conditions were set at 130 °C for
15 minutes under 4.14 MPa for CNF-coated paper and at 225 °C for 2
minutes under 8.27 MPa for the PGA-coated samples, it should be noted
that these values represent the set points on the hot-press instrument. The
actual temperatures between the stainless-steel mirror plates were not
directly measured and may have varied. This introduces a degree of
uncertainty, especially for the PGA layer, which is highly sensitive to
thermal conditions due to its narrow processing window. Despite this, both
layers were successfully hot-pressed and formed uniform coatings with
good adhesion based on SEM imaging, though future studies should include
direct temperature monitoring to confirm precise processing conditions.
e Objective 4: Characterize films by TGA, SEM, OTR, contact angle, and surface

roughness
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o Achieved. All analyses confirmed enhanced thermal stability, barrier

performance, hydrophobicity, and smoothness.

5.2. Limitations

The limited data set collected here should be replicated for greater certainty and to
identify future improvements. The high cost of PGA and its conventional solvents notably
increases material expenses, posing a challenge for large-scale applications. Even after
diluting and substituting with ethanol, safety concerns and handling requirements related
to fluorinated and chlorinated solvents add operational complexity. Additionally, the
experimental procedures involved in preparing and coating PGA suspensions are highly
complex and labor-intensive, making them susceptible to human error. The complexity of
this methodology demands careful optimization to enhance reproducibility and reduce
processing inaccuracies. The highly porous and structurally heterogeneous nature of the
mulberry fiber-based paper used in this study also posed challenges during spray coating,
including material penetration, hole formation, and inconsistent surface coverage. Another
critical limitation arises from the inherently narrow processing window of PGA,
specifically due to its proximity between melting and thermal decomposition temperatures.
Precise temperature control during hot pressing is thus essential, as deviations can result in
defects such as incomplete melting or thermal degradation of the PGA layer. Furthermore,
due to the similar morphology and overlapping appearance of CNF and PGA in cross-
sectional SEM images, it was not possible to distinguish their individual layers or quantify
their respective contributions to the total coated thickness. Complementary techniques such
as Fourier Transform Infrared Spectroscopy (FTIR) mapping or Raman imaging would be
required to distinguish between the CNF and PGA in future studies. Scaling the spray
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coating and hot pressing processes beyond laboratory-scale will also require additional
engineering solutions to maintain consistent material usage, layer uniformity, and
temperature control across larger surface areas. Finally, the validation of the developed
dual-layer packaging system would benefit from increased sample replication and
additional characterization tests, such as water vapor transmission rate (WVTR) analysis
and mechanical properties like tensile strength, to thoroughly confirm the material's

suitability for practical packaging applications.

5.3. Recommendations for future research

o Selecting more structurally uniform and mechanically robust paper substrates with
lower porosity and smoother surfaces to improve coating performance and reduce
the need for excessive filler materials. Lab-fabricated papers with controlled
thickness and fiber distribution may prevent spray-induced damage and minimize
penetration of large-particle suspensions, enabling more consistent barrier layer

formation

e Exploring customized or synthesized PGA variants with tailored molecular weight,
co-monomer incorporation, or surface functionalization to improve processability
and broaden the thermal processing window. While such modifications may
slightly compromise barrier and thermal performance, they can be suitable for

packaging systems with moderate requirements and may simplify processing
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Optimizing solvent systems to produce a stable, fine-particle PGA suspension
suitable for spray coating while minimizing or eliminating the use of hazardous
fluorinated and chlorinated solvents

Investigating waterborne formulations or alternative green solvents for PGA to
improve safety and reduce processing complexity

Developing a solvent recovery and recycling system for HFIP and DCM to reduce
environmental impact and material cost

Exploring alternative biopolymer substrates for the base or intermediate layer to
improve interfacial adhesion, processability, and property customization
Improving process control for hot pressing by developing temperature-feedback
systems or adaptive heating platforms to accommodate PGA’s narrow processing
window and reduce thermal damage

Expanding the experimental dataset through larger-scale replication and statistical
analysis to improve confidence in the reproducibility of the oxygen transmission
rate of PGA dual-layer packaging

Conducting additional mechanical and moisture barrier properties analysis,
including water vapor transmission rate (WVTR) and tensile strength, to evaluate

the dual-layer system’s packaging performance comprehensively
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Supplemental Data

Scanning Electron Microscopy (SEM)

Paper

Paper/CNF-5

Paper/CNF-5/PGA
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N/A

Figure S1. SEM surface morphology of the dual-layer packaging samples.
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Sample 2

Sample 3

Figure S2. SEM surface morphology of Paper/CNF-5/PGA samples without plasticizers.
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Sample 5

Figure S3. SEM cross-sectional morphology of Paper/CNF-5/PGA samples without plasticizers.

Surface Roughness

(@)

Figure S4. Surface roughness of unpressed mulberry fiber paper (a) 3D and (b) z-stack images.

Table S1. Surface roughness of unpressed mulberry fiber paper: arithmetical mean height or S,
Samples Sa (um)
Paper 9.73+1.24
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